The sex comb on midleg (scm) gene encodes a transcriptional repressor and belongs to the Polycomb group (PcG) of genes, which regulates growth in Drosophila. Scm interacts with Polyhomeotic (a PcG protein) in vitro by recognizing its SPM domain. The homologous human protein, Sex comb on midleg-like 2 (Scml2), has been implicated in malignant brain tumors.
Introduction
Polycomb group (PcG) genes help to maintain different expression patterns of homeotic genes during Drosophila development. Previous studies have characterized three different PcG protein complexes in flies: PhoRC, PRC1, and PRC2. Scm is a PcG gene, and encodes a transcriptional repressor that is essential for normal development in flies and other organisms (Peterson et al., 1997) . Scm is a component of the PRC1 complex, and structure analysis has indicated that this protein has a C-terminal SPM domain, Cys2-Cys2 zinc fingers, and multiple malignant brain tumor (mbt) repeats (Kim et al., 2006; Peterson et al., 2004; Ponting, 1995; Wang et al., 2010) . Scm has been shown to interact in vitro with another PCR1 protein, Polyhomeotic, by interacting with its SPM domain (Peterson et al., 1997; Ponting, 1995) . Scm is known to play an important role in PcG-mediated repression, as evidenced by the fact that embryonic and larval loss of maternal and zygotic Scm in Drosophila causes death and serious homeotic transformations (Gaytan de Ayala Alonso et al., 2007) . Furthermore, abnormal Scm function has been implicated in tissue growth Abbreviations: scm, sex comb on midleg; PcG, polycomb group; wds, will die slowly; MLL1, mixed lineage leukemia 1; Wdr5, WD repeat domain 5; Scml2, sex comb on midleg-like 2; PhoRC, pho repressive complex; PRC1, protein regulator of cytokinesis 1; PRC2, protein regulator of cytokinesis 2 * Corresponding author. 
Available at www.sciencedirect.com ScienceDirect j o u r n a l h o m e p a g e : w w w. e l s e v i e r. c o m / l o c a t e / m o d o and certain cancers. For example, monomethylation of the human homolog of Scm, Scml2, is increased in malignant brain tumors (Santiveri et al., 2008) . Despite these findings, the molecular role of Scm in PcG silencing is still unknown (Breen and Duncan, 1986; Cao et al., 2002; Rajasekhar and Begemannb, 2007; Schuettengruber et al., 2007) . Like Scm, the molecular function of another growth regulator, Wds, is unknown in Drosophila. However, the homologous protein of Wds in humans, Wdr5, constitutes the MLL1 complex (along with other proteins), which plays an important role in histone H3Lys4 methylation and related physiological functions (Breen and Duncan, 1986; Martin et al., 2003; Milne et al., 2010; Suganuma et al., 2008; Wu and Shu, 2011; Ziemin-van der Poel et al., 1991) . Although the MLL1 complex plays important roles in transcriptional regulation and development in humans (Wu and Shu, 2011) , most research on MLL1 and Wdr5 concentrates on histone methylation and its relationship to leukemogenesis (Dobson et al., 2000; Lin et al., 2010; Milne et al., 2010) . However, recent research suggests various functions for Wdr5; this protein was reported to be involved in chromatin remodeling and in regulating genes downstream of β-catenin (Thompson et al., 2008) . Furthermore, in both humans and Drosophila, Wds or Wdr5 is a component of the MOF complex, which regulates X chromosome dosage compensation through acetylating histone H4 at Lys16 (Cai et al., 2010; Dou et al., 2005) .
In this study, we sought to explore the molecular mechanism of action for both Scm and Wds in Drosophila. We found that Scm is important for cell survival during tissue growth and is required for ommatidia development in Drosophila. Furthermore, Wds promotes Scm degradation in Drosophila through ubiquitination -a process that can be inhibited by proteasome inhibitor MG132, but not by lysosome inhibitor BA1. Our findings provide new insight into the relationship between transcriptional repressors encoded by PcG genes and protein complexes involved in histone methylation.
Results

Scm was identified as a non-autonomous overgrowth gene
We used EMS mutagenesis and the FRT/ey-FLP system to screen the right arm of the third chromosome in Drosophila for genes involved in the regulation of tissue growth. We isolated more than 17 different mutants in this screen, demonstrating the effectiveness of our experimental method (Fig. S1 ). Strikingly, we observed that two lethal mutations, designated 82-01 and 82-02, resulted in tissue overgrowth in mosaic flies; these two mutations defined a single complementation group. Furthermore, in adult mosaic eyes, mutant cells were missing, whereas neighboring wild-type cells were overgrown; this demonstrated non-autonomous tissue overgrowth ( Fig. 1A-C) . The relative eye size was quantified using the unpaired t-test as shown in Fig. 1D . We then performed a search to identify the region of the third chromosome affected by the 82-01 and 82-02 mutations by crossing mutant flies to deficiency stocks (using a deficiency kit). Data revealed that the Df(3R)BSC468 mutation, which represents a short deletion involving the chromosome segment including the scm gene, was not complementary with the 82-01 and 82-02 mutations (Fig. 1D) . Further gene sequencing analysis revealed that the Trp116 of Scm was changed to a stop codon by the 82-01 mutation, and S26A27D was deleted in the 82-02 mutation. We also used S102-scm Drosophila to perform the rescued experiment demonstrating that the two mutants carried the scm mutations (data not shown). All analyses in this report were performedusing the null allele 82-01 unless otherwise indicated. Collectively, our data provided evidence that loss-of-function mutations in Scm can result in nonautonomous tissue growth.
Scm is essential for ommatidia development
The Drosophila eye provides an excellent research material, and mosaic eyes can be generated by the FRT/eFLP technique. Interestingly, we found that mosaic eyes of scmmutants were dramatically larger than their wild-type counterparts. These mutant flies demonstrated heads almost completely covered by mosaic eyes; an extra antenna accompanying the epicranium was also observed in these mutants (Figs. 1C′ and 2A′) . Furthermore, we found that some ommatidia in scm mutants varied in size and polarity, exemplified by a single ommatidium often being accompanied by several bristles (normal polarity is one bristle accompanying one ommatidium); ommatidia in these mutants were also fused in certain instances, or completely absent (Fig. 2A″) . Previous research has demonstrated that Elav (a neuronal marker)-negative photoreceptor cells posterior to the morphogenetic furrow cannot develop adult ommatidia in Drosophila. Thus, we examined Elav expression in photoreceptor cells with FRT/hs-FLP system. Our data provided evidence that Elav is not expressed in scm mutant cells (Fig. 2B) , indicating that inactivation of Scm perturbs photoreceptor cell development to mature ommatidia. We also examined the expression of the cell-death inhibitor Diap1 in scm mutants, and found that Diap1 was down-regulated in scm mutant clones, indicating that mutant cells were undergoing apoptosis (Fig. 2C) ; this is consistent with the observation that cells were missing from adult ommatidia in scm mutants. Collectively, these data suggested that Scm is essential for ommatidia development.
Scm is important for cell survival in Drosophila
We also used the FRT/hsFLP technique to generate mutant clones to further explore whether Scm is required for cell survival for tissue growth, both in the Drosophila eye and in other structures. We found that the cuticle secreted by epidermal cells neighboring scm mutant clones displayed an unusual texture. Furthermore, in neighboring clones on the notum, the apical surfaces of epidermal cells were clearly demarcated, making cell-cell boundaries visible between adjacent cells; this indicated that scm mutant clones can promote the pattern changes of neighboring wild-type cells (Fig. 3A and A′) . We also used eyGal4 flies and scm RNAi to downregulate expression of Scm in the entire Drosophila eye, and nub-Gal4 and en-Gal4 to knockdown scm in the Drosophila wing. Our data demonstrated that most flies in which scm was down-regulated died by the ey-Gal4. However, the eyes and wings of surviving Drosophila were considerably smaller than in control flies, indicating that scm is essential for some sort of cell survival and growth (Fig. 3B-D) . The relative eye and wing size was quantified using the unpaired t-test as shown in Fig. 3B‴ -D‴. Taken together, these results indicated that Scm is required for cell survival during tissue growth.
Fig. 3 -Scm is important for cell survival in Drosophila. (A-A′) Scanning electron micrographs (SEM) of the FRT82B fly as control (A) and the Scm mutant (A′). Cell-cell boundaries are visible between adjacent cells in the Scm neighboring mutant tissue but not in the FRT82B. (B-B″) UAS-scm RNAi/+, (B) and GMR-Gal4/+, (B′) Wild-type control.GMR-Gal4/+; UAS-Scm RNAi/+, (B″) RNAi knockdown of scm resulted in a mild decrease in eye size (compare B″ to B and B″). The relative eye size was quantified using the unpaired t-test (B‴). (C-C″) UAS-scm RNAi/+, (C) and nub-Gal4/+, (C′) wild-type control. nub-Gal4/+; UAS-Scm RNAi/+, (C″) RNAi knockdown of scm resulted in a mild decrease in wing size (compare C″ to C and C″). The relative wing size was quantified using the unpaired t-test (C‴). (D-D″)
Similar to (C-C″) except that the Gal4 was used for the en-Gal4.
2.4.
Wds promotes Scm degradation through ubiquitination and Scm stabilizes Wds
The human homolog of Wds, Wdr5, is a component of the MLL1 complex and can thus promote the methylation ofhistone H3 at the Lys4 site (Migliori et al., 2012) . Wdr5 includes a classical WD40 domain, and previous research has indicated that some WD40 domain-containing proteins can recruit Cul4-Roc1 ubiquitin ligases to substrates intended for degradation (He et al., 2006; Hu et al., 2008) . The previous reports indicated that MLL1 and PCR1 share some common features: they both regulate cell survival, cell cycle, and cell differentiation in some common features. We wondered whether Wds could regulate Scm stability by a similar mechanism. Interestingly, we found that increasing amounts of Wds induced significant down-regulation of Scm in a dose-dependent manner in S2 cells co-transfected with Wds and Scm (Fig. 4A) . Moreover, we found that this decrease of Scm could be inhibited by the proteasome inhibitor MG132 (Fig. 4B) , but not by the lysosome inhibitor BA1 (Fig. 4C) . These results indicated that Wds regulates Scm stability via a proteasome pathway. Given that the biochemical function of a WD40 domain-containing protein can recruit Cul4-Roc1 ubiquitin ligases to substrate, we then performed an ubiquitination assay of Wds and Scm. Our results showed that Wds causes ubiquitination of Scm in vitro (Fig. 4D) ; however, co-immunoprecipitation indicated that Scm does not interact with Wds in vitro (data not shown). Immunofluorescence antibody staining revealed that the level of Scm decreased in a portion of S2 cells transfected with Wds (Fig. 4E) . Collectively, these data strongly suggested that Wds degrades Scm through polyubiquitination.
Discussion
Using EMS mutagenesis and the FRT/ey-FLP system, we screened the right arm of third chromosome in Drosophila for genes that regulated tissue growth. We identified several different mutants demonstrating autonomous and nonautonomous tissue overgrowth, mosaic small eyes, and (Fig. S1) . Importantly, we identified two loss-offunction scm mutations that promoted the overgrowth of wildtype cells neighboring mutant clones (Fig. 1B and C) . Furthermore, we found that Scm is essential for ommatidium development ( Fig. 2A-A″) , as scm mutants triggered ommatidia with abnormal polarity or morphology. These results were supported by the observation that flies in which scm was knocked down generated smaller eyes; wings in such flies were also considerably smaller compared to control flies (Fig. 3B-D) . Collectively, these results suggested that Scm is vital for cell survival during tissue growth in Drosophila; however, the molecular mechanism by which Scm acts is not clear, and needs to be further researched.
Notably, we determined that Scm (as a PcG protein) could be regulated by Wds, which human homolog Wdr5 is a component of the MLL1 complex. Our results indicated that Wds could promote Scm degradation though an ubiquitin proteasome pathway -a conclusion that is supported by other studies (He et al., 2006; Hu et al., 2008) . However, our coimmunoprecipitation results suggested that other factors might be involved in Wds-mediated degradation of Scm. Also, there are some extra problem to be further explored. For example, how are the biochemical and developmental findings connected to each other, what is the mechanism, where is the ubiquitination site of Scm, what is the eyFlp mutant phenotype for wds and whether the observed downregulation of Scm is a transcriptional phenomenon.
Many intriguing questions regarding the mechanism of action of both Scm and Wds remain unanswered. The promotion and inhibition of tissue growth are two important aspects of embryonic development. Scm is a component of the PCR1 complex and a transcriptional repressor, The homologous protein of Wds in humans, Wdr5, is a component of the MLL1 complex (which promotes tissue growth by methylation of histone H3). How these two complexes balance one another during tissue development remains unclear, and merits further exploration. Furthermore, although the physiological functions of the Scm and Wds proteins have been studied, the relationship and potential interactions between these proteins are not understood. Taken together, our data provide new insights into the mechanisms of action and relationships between the PCR1 and MLL1 complexes, and contribute to research regarding the gene network involved in the growth and development of tissue in Drosophila.
Materials and methods
All crosses and staging were done at 25°C. In this issue we use the following Drosophila files: FRT82B, yw122; frt82B ubiGFP, yw eyflp GMRlacZ; sp/cyo; FRT82B ubiGFP/(TM6B), TM3/TM6B, nub-Gal4, ey-Gal4, scm RNAi (Bloomington stock center).
Molecular biology
Genomic DNA was isolated from scm mutant embryos and amplified with PCR. The PCR products were directly sequenced using primers spanning the scm locus by four fragments. myctagged Wds, Flag-tagged Scm constructs were made using the PAC-V5-His B vector (Invitrogen). Sequences encoding the N-terminal Myc epitope (MEQKLISEEDL) or Flag epitope (MDYKDDDDK) was added by PCR in place of the first Met codon of the respective cDNA clones.
Histology and microscopy
Clones of mutant cells were generated by FLP/FRTmediated mitotic recombination (Xu and Rubin, 1993) . Immunostaining of imaginal discs was performed as described by Xu and Rubin, (1993) . Antibody DiapI (1:100), Elav (1:1000) was used. Confocal images were collected by using a Leica TSC SP8 confocal microscope and analyzed by using TSC SP8 software. Light-microscopy images were acquired on a Leica M165FC microscope.
Immunofluorescent staining
For analysis of Scm and Wds subcellular localization, S2 cells were grown on coverslips in a 24-well plate and transfected with Flag-scm and Myc-wds. After 36 h, cells were fixed in 4% formaldehyde for 30 min and permeabilized by incubation in 3% FBS in PBS for 30 min. The coverslips were subsequently incubated with mouse anti-Flag and anti-Myc (Abmart) monoclonal at 1:2000 dilution in PBS containing 3% FBS. Alex Fluor (AF) 488 (green) anti-mouse and AF 594 (red) anti-rabbit monoclonal secondary fluorescence antibodies at 1:1000 dilution in PBS containing 3% FBS. DAPI (3 µg/mL) was used for nuclear staining. Images were obtained with Zeiss Axio Imager Z1 Fluorescent Microscope.
Cell culture and transfection
Drosophila S2 cells were cultured in 10% serum insect cell medium (Hyclone) at room temperature with no additional CO2. Plasmids were transfected with Roche FuGENE HD reagent following the manufacturer's instructions.
